Influenza A virus is one of the best-studied viruses and a model organism for the study of molecular evolution; in particular, much research has focused on detecting natural selection on influenza virus proteins. Here, we study the dynamics of the synonymous and nonsynonymous nucleotide composition of influenza A virus genes. In several genes, the nucleotide frequencies at synonymous positions drift away from the equilibria predicted from the synonymous substitution matrices. We investigate possible reasons for this unexpected behavior by fitting several regression models. Relaxation toward a mutation-selection equilibrium following a host jump fails to explain the dynamics of the synonymous nucleotide composition, even if we allow for slow temporal changes in the substitution matrix. Instead, we find that deep internal branches of the phylogeny show distinct patterns of nucleotide substitution and that these branches strongly influence the dynamics of nucleotide composition, suggesting that the observed trends are at least in part a result of natural selection acting on synonymous sites. Moreover, we find that the dynamics of the nucleotide composition at synonymous and nonsynonymous sites are highly correlated, providing evidence that even nonsynonymous sites can be influenced by selection pressure for nucleotide composition.
Influenza A virus is one the most significant causes of annual morbidity and mortality in humans (22) and has one of the largest databases of sequenced genes. There is a considerable body of work on the molecular evolution of influenza A virus in general (e.g., references 3, 8, 11, 23, 34, and 38) and on the nucleotide composition of the influenza A virus genes in particular (1, 13, 26, 41) . Many of the recent studies have focused on detecting positive selection acting on the amino acid sequences of the influenza A virus proteins (3, 31, 37, 38) . These studies utilize one or another variation of the dN/dS ratio test, which relies on the assumption of neutrality of synonymous mutations. Whether the synonymous mutations are selectively neutral is, therefore, not only an interesting question in itself but also important for understanding selection pressures on the protein level.
Here, we find evidence that selection for nucleotide composition shaped nucleotide usage at synonymous as well as at nonsynonymous sites in human influenza A viruses. Consistent with earlier observations (26) , we observe that the nucleotide composition at the fourfold degenerate (FFD) and second codon position (SCP) sites of the 10 human influenza A virus genes (excluding PB1-F2) has been changing with time. This, in itself, is not surprising and not evidence for selection. Since all considered genes are known or suspected to have entered the genomes of human-adapted influenza viruses relatively recently (5, 33) , it is natural to suppose that the mutational and/or selection pressure on these genes has changed. Consequently, one expects to observe a "relaxation" of the nucleotide composition toward a mutation-selection equilibrium determined by the substitution matrix. To test this, we have inferred the equilibrium nucleotide composition for each gene on the basis of the observed frequencies of different nucleotide substitutions on branches of the tree. Surprisingly, we observe that the frequencies of certain nucleotides in some genes drift away from the predicted equilibrium values. Seemingly paradoxical, this effect can be explained if the relative probabilities of different substitutions (substitution matrix) are changing with time. Such changes could be caused either by changes of the selection pressures or by changes in the mutation rates; it is difficult to discriminate between these two alternatives.
The divergence of the nucleotide composition away from the predicted equilibrium can also be explained by constant natural selection for nucleotide composition. Indeed, while natural selection is obviously involved in shaping the tree-specific substitution matrices, it also has a more subtle effect on the shape of the tree itself: variants that acquire deleterious mutations are more likely to go extinct and give rise to fewer offspring and, therefore, appear on branches that are close to the leaves of the phylogeny, while variants that acquire beneficial mutations are likely to produce more offspring and, therefore, appear on deep internal branches of the phylogeny. Thus, if selection played a role in shaping the phylogenies of the influenza A virus genes, then substitutions on deep internal branches would, on average, be more selectively advantageous than those on terminal branches (10, 25) . Therefore, substitution patterns would be different between the more selectiondriven substitutions on deep internal branches and the more mutation-driven substitutions on terminal branches, especially if the mutation and selection pressures happen to oppose each other. In fact, we observe such differences at both synonymous and nonsynonymous sites.
Influenza A virus gene phylogenies typically have distinct trunks, i.e., only one of the coexisting lineages survives in the long run. Since the variants on the trunk are the ancestors of all variants in future years (8) , the long-term nucleotide composition dynamics is more strongly influenced by the more-adaptive substitutions on the trunk than by the less-adaptive substitutions on nontrunk branches. In other words, if a certain nucleotide is gained (lost) on the trunk, we expect to see an increase (decrease) in the corresponding nucleotide frequency over the years. To systematically test this hypothesis, we propose four linear regression models that predict the dynamics of the nucleotide frequencies. It turns out that the equilibrium inferred from the overall substitution matrix is a poor predictor for the nucleotide composition dynamics. If constant selection is explicitly taken into account, we can predict the evolution of the synonymous nucleotide composition significantly better. Prediction is further improved by allowing for slow changes of the substitution matrix through time. The latter is also true for the nonsynonymous nucleotide composition. Thus, without rejecting the hypothesis that the substitution processes change over time, we find strong evidence for selection for nucleotide composition influencing nucleotide usage at synonymous and at nonsynonymous sites.
MATERIALS AND METHODS

Data sets.
We downloaded all sequences of human influenza A H1N1, H2N2, and H3N2 viruses, from all viral segments available from the NCBI Influenza Virus Resource at the end of April 2006. Sequences were aligned using ClustalW version 1.83 (35) , and coding regions were extracted. Occasional gaps were filled if more than 80% of sequences agreed on the symbol at the gap position; otherwise, the sequence with a gap was excluded from further analysis. In order to retain more sequences, we analyzed only the HA1 part of the HA(1) and HA(3) proteins. Regions overlapping between the M1 and M2 genes, and between the NS1 and NEP (also known as NS2) genes, were excluded from analyses.
The sequence accession numbers and/or sequence alignments we obtained are available upon request.
Phylogenetic trees. We reconstructed the phylogenetic trees of all influenza A virus genes with PAUP version 4.0b10 (32) . We reconstructed the topology of the phylogenetic trees using the neighbor-joining (NJ) method with the BreakTies RANDOM option. We used the NJ algorithm for reconstructing the tree topology because of its computational efficiency. We investigated the sensitivity of our results to this approach by reconstructing a maximum parsimony topology for the HA1 part of the HA(3) gene and for the PB2 gene and found that the synonymous nucleotide substitution matrices inferred from these trees are very similar to those inferred from NJ trees. Branch lengths and ancestral states were inferred using maximum parsimony (MP) with the ACCTRAN option. However, the results of our analysis were similar when the sequences at internal nodes were reconstructed using maximum likelihood with the GTR ϩ I model (data not shown).
We reconstructed a total of 11 trees: one tree for each of the PB2, PB1(1), PB1(3), PA, HA(1), HA(3), NP, NA(1), and NA(2) genes; one tree for the M1 and M2 genes together; one tree for NS1 and NEP genes together. When reconstructing the tree for M1 and M2, as well as the tree for NS1 and NEP, the full coding regions of the corresponding genes, including the overlapping parts, were used. The PB1(1), HA(1), and NA(1) trees were reconstructed using H1N1 sequences. Although the H1N1 variants of these genes are not present in the data set between 1957 and 1977, this gap should not affect our analyses because the 1977 variants are very similar to pre-1957 variants. The PB1(3) and the HA(3) trees were based on H3N2 sequences. The NA(2) tree was based on H2N2 and H3N2 sequences. The remaining five trees were based on data from all subtypes. We did not reconstruct trees for PB1 (2) and HA(2) because the corresponding H2N2 data sets were too small for reliable inference.
The phylogenetic trees used in the analysis are available upon request.
Nucleotide substitution rates. To characterize patterns of nucleotide replacement, we estimated the synonymous and nonsynonymous nucleotide substitution rates using a simple counting method similar to that developed by Nei and Gojobori (20) , instead of maximum likelihood methods (40) such as those implemented in PAML (39) . PAML is often superior to heuristic techniques because it accounts for all possibilities of multiple substitutions between the sequences under comparison (36) . In the case of influenza virus data, however, adjacent nodes in the reconstructed phylogenies typically differ by no more than one mutation per codon site. Therefore, multiple mutations can be safely ignored, and the Nei-Gojobori-like method is expected to perform well (14, 19) , while avoiding problems associated with numerical maximization over highdimensional parameter spaces.
The following estimator for the synonymous substitution rate is constructed analogously to the Nei-Gojobori estimator (20) .
Here, r(x3y) denotes the estimated synonymous nucleotide substitution rate from nucleotide x to nucleotide y (other than x); N(x3y) is the number of substitutions of x with y on the tree, at FFD sites; l i is the branch length of branch i measured in total number of substitutions at FFD sites; n i (x) is the fraction of FFD sites occupied by nucleotide x in the parental sequence of the i-th branch; the sum in the denominator is taken over all branches. Thus, the denominator represents the opportunities for a substitution of a particular type to occur across the tree. The 1 is added to the numerator to avoid numerical instabilities that could arise when few (or no) events of a particular type are observed. The coefficient C is chosen so that the sum of all rates r(x3y) equals 1. An analogous estimator was used for SCP sites. Equilibrium nucleotide frequencies. We use our estimated nucleotide substitution rates to calculate the corresponding predicted equilibrium nucleotide frequencies. Consider a four-by-four nucleotide substitution matrix R whose entries are R xy ϭ r(y3x) if x y and R xx ϭ Ϫ⌺ y:y x r(x3y) for x,y ʦ{A, C, G, T}. Under the simplest model, the nucleotide frequency vector n (nucleotide composition) evolves according to the equation ṅ ϭ Rn. The equilibrium nucleotide composition n e corresponding to substitution matrix R is the vector satisfying Rn e ϭ 0, and ⌺ x n e (x) ϭ 1. Distribution of substitutions on a tree. To explore possible reasons for discrepancies between observed nucleotide composition and predicted equilibrium nucleotide composition, we tested whether the distribution of nucleotide substitutions was different between different parts of a phylogenetic tree.
(i) Trunk statistic. First, we defined the trunk of a phylogenetic tree as the set of the internal branches connecting the root of the tree to the most recent common ancestor of all sequences sampled in and after the year 2003 for PB1(1), HA(1), and NA(1) and the year 2005 for the remaining trees. These years are the latest years in our data set that were represented by more than one sequence of the corresponding genes.
Next, we define the expected rate of change of nucleotide frequency along a branch. Consider a branch i and suppose that the number of FFD (or SCP) sites occupied by the nucleotide x in the ancestral sequence is X a i ͑x͒, while the number in the descendant sequence is X d i ͑x͒. Thus, the fraction of nucleotide x in the ancestral node is n i (x) ϭ X a i ͑x͒/⌺ y X a i ͑y͒. Given the nucleotide substitution rates inferred from the whole tree, r(x3y), one can calculate the expected number of sites occupied by the nucleotide x in the descendant sequence:
This follows directly from equation 1. Thus, for each branch i, we can obtain the difference
͑x͒ between the expected and observed (or inferred) counts of nucleotide x in the descendant sequence. Using the sampled randomization test (30), we tested whether the two samples, S t ϭ {Y i (x):i is a trunk branch} and S nt ϭ {Y i (x):i is a nontrunk branch}, come from identical distributions. As the test statistic, we used the difference between empirical mean values of Y i (x) over two samples:
We call this value the "trunk statistic." Informally, a positive (negative) ␦ trunk value shows how many additional residues of a particular nucleotide are gained (lost) on a typical trunk branch compared to the rest of the tree.
(ii) Time statistic. In order to test whether the nucleotide substitution rates change with time, we split the tree into two parts corresponding to the first and second half of the time period over which the viruses bearing the corresponding gene circulated. Subdivision into more than two sets would cause undersampling problems in the subsets corresponding to early years. However, if there were a clear long-term trend in the changes of the substitution matrix, we would expect to capture it even with this crude subdivision. To divide branches into two groups according to time, we exploited the single-trunk shape of the phylogenetic tree
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Informally, a positive (negative) value ␦ time shows how many additional residues of a particular nucleotide are gained (lost) on a typical branch in the second half of the tree compared to the first half of the tree.
Statistical analysis of different mechanisms underlying the nucleotide composition dynamics. Since we measured the trunk (time) statistics for all nucleotides of all genes, it is likely that some of our 4 by 11 (44) statistical values will show statistical significance due to random chance. However, since the statistical values for different nucleotides within a gene are not independent, the number of observed false positives is not distributed binomially with parameters of 44 and 0.05. We addressed this problem by noticing that, given that the null probability of observing a significant trunk (time) statistic for a particular nucleotide of a particular gene is 0.05, the total null probability of observing one or more significant values of the statistic in the gene cannot exceed 4 ϫ 0.05, or 0.2. This directly follows from the inclusion-exclusion principle (6) . Therefore, we used the exact binomial test with parameters of 13 and 0.2 to conservatively estimate a P value for the number of genes with at least one significant value of the trunk (time) statistic.
Next, we examined whether the time trend in nucleotide frequency (measured by the regression coefficient against time of isolation) correlates with (i) the distance of the nucleotide frequency (averaged over all sequences) to the equilibrium predicted by the nucleotide substitution matrix; (ii) the trunk statistic; and (iii) the time statistic. We fit four linear models.
Here, r is the vector of regression coefficients between the nucleotide frequency and time of isolation, d is the vector of distances to equilibria, i.e., differences between the average and the equilibrium nucleotide frequencies, and ␦ trunk and ␦ time are the vectors of the trunk and time statistic values, respectively. Before fitting the model, we normalized the data vectors to a mean of 0 and standard deviation of 1. Thus, ␣ i , ␤ i , and ␥ i are standard partial regression coefficients.
To test the significance of the model fit, we fit the same linear model after permuting the entries of the distance to the equilibrium vector (for Model 1), time statistic vector (for Models 2 and 4), or trunk statistic vector (for Models 3 and 4) as described in the next subsection. To test whether Model 4 fits the data significantly better than either of the two-variable models, we performed two two-tailed permutation tests in which we permutated the entries of only one of the vectors, ␦ trunk or ␦ time . We called the obtained P values P trunk and P time , respectively. Permutation test. To conservatively test the significance of a correlation between vectors of statistics corresponding to all nucleotides of all genes, we employed a permutation test that preserves the nonindependence of the statistic values for different nucleotides within each gene. We permutated a statistic vector in the following way. First, we randomly permutated among each other the five groups of four values corresponding to nucleotides of different genes; then, within each of those groups, we permutated the values corresponding to different nucleotides of the same gene. Thus, the relationship between the statistic values corresponding to different nucleotides of the same gene was preserved in our permutation test. We use a two-tailed sampled permutation test to obtain the P values for the correlation coefficients.
RESULTS
We reconstructed the phylogenetic trees for all human influenza A virus genes, estimated the synonymous and nonsynonymous nucleotide substitution rates from all the branches of the trees, and inferred the corresponding equilibrium synonymous and nonsynonymous nucleotide compositions (see Materials and Methods).
To examine the temporal evolution of the synonymous nucleotide composition of the influenza virus genes at FFD sites, we calculated, for each gene, the linear regression coefficients between the nucleotide frequencies and the year of isolation. We found that the regression coefficients were significantly different from zero for at least one nucleotide in each gene, indicating that the synonymous nucleotide composition of influenza A virus has been changing during the course of virus evolution in the human host ( Fig. 1 ; Table 1 ). Even though there is a strong variation in the number of sequences sampled in different years, by visually exploring the linear regression lines (Fig. 2) we observe that regression coefficients are not exclusively dominated by years with higher sample sizes but adequately describe the long-term temporal trends in the nucleotide frequency dynamics. The frequencies of several nucleotides at FFD sites in several genes display unexpected dynamics: with time, they move away from the equilibria predicted from the synonymous substitution matrices ( Fig. 2; Table 1 ). This apparent paradox implies that we cannot capture the correct dynamics of the synonymous nucleotide composition with just one set of nucleotide substitution rates. If rates differ substantially between different parts of the tree, the average rates we infer may lead to an incorrect prediction for the equilibrium nucleotide composition. Indeed, in several cases, divergence of the nucleotide frequency from the equilibrium coincides with large and significant differences in the synonymous substitution rates between parts of the tree ( Table 1) . As an example, consider the frequency of cytosine in the NA(2) gene. On the basis of the substitution matrix, it is expected to decrease (the equilibrium cytosine frequency is smaller than the observed frequency [Table 1]); in fact, however, it is increasing (Table 1; Fig. 2) . Noticeably, cytosine is much more likely to be gained on a branch belonging to the tree trunk than elsewhere in the tree ( Table 1 ), suggesting that the substitutions on the tree trunk are more important for its dynamics than the substitutions on nontrunk branches. Similarly, significant differences in the substitution patterns are observed between the early and the late parts of the tree, e.g., in the cytosine in PB2 and guanine in HA(1), as indicated by the significant values of the corresponding time statistics in Table 1 . Significantly more genes in Table  1 have at least one significant trunk statistic value (P Ͻ 10 Ϫ4 ) or time statistic value (P Ͻ 10 Ϫ3 ) than expected randomly, which indicates that the significant values of the corresponding statistics in Table 1 are not just an artifact of multiple testing. If the differences in substitution patterns between parts of the tree were, in fact, the cause of the observed discrepancies, we would expect that incorporating these differences into a model for the nucleotide frequency dynamics would lead to an improved fit to the data. To test this, we fit four linear regression models. The first model (Model 1) assumes a homogeneous substitution process; under this model, the frequency of each nucleotide always converges to the equilibrium predicted by the matrix of synonymous substitutions. The other three models (Models 2 to 4) incorporate variations in substitution rates within a tree, based on whether the nucleotide substitution rates differ between the "early" and the "late" halves of the tree (Model 2), the internal and the external branches of the tree (Model 3), or both (Model 4). We used the time and the trunk statistics as predictor variables to account for the inhomogeneity of substitution rates along the tree. In order to examine which of the four hypotheses explains the data better, we performed permutation analyses of the best-fit lines (see Materials and Methods) and found that the trunk statistic and the time statistic significantly improved model fit when considered together, and the trunk statistic significantly improved model fit even if considered separately from the time statistic (Table 2) . Therefore, we can explain the discrepancy between expected and observed dynamics in nucleotide composition significantly better if we assume differences in substitution rates between different parts of the tree-in particular, between the trunk and the rest of the branches.
We performed an analogous analysis for the nucleotide composition at SCP sites. SCP sites are fully nondegenerate, i.e., each nucleotide change at the second codon position leads to an amino acid change and, therefore, the nucleotide composition at such sites is expected to be under stronger constraint than the nucleotide composition at FFD sites. Indeed, the a RC, values of the linear regression coefficient between the nucleotide frequency and the time of isolation; DE, the difference between the average observed and the equilibrium nucleotide frequencies; ␦ trunk , the trunk statistic; ␦ time , the time statistic. Gene types are given in parentheses. Bold type indicates cases of divergence from the equilibrium. *, ␦ trunk or ␦ time statistical values significant at the 5% level; **, ␦ trunk or ␦ time statistical values significant at the 1% level (two-tailed test). A positive (negative) RC value implies that the frequency of the considered nucleotide is increasing (decreasing) with time. A positive (negative) DE value implies that the mean nucleotide frequency is above (below) the predicted equilibrium. If the product of RC and DE is positive (negative), the frequency of the considered nucleotide is diverging from (converging to) its equilibrium value. A positive (negative) ␦ trunk value shows how many additional residues of a particular nucleotide are gained (lost) on a typical trunk branch as compared to the rest of the tree. A positive (negative) ␦ time value shows how many additional residues of a particular nucleotide are gained (lost) on a typical branch in the second half of the tree as compared to the first half of the tree.
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at University of Michigan Library on May 16, 2008 jvi.asm.org nonsynonymous nucleotide composition changes much slower than the synonymous nucleotide composition: the regression coefficients between the nucleotide frequencies at SCP sites and the time of virus isolation are about 1 order of magnitude smaller than the corresponding regression coefficients for the synonymous nucleotide composition (Tables 1 and 3) . Nevertheless, they are significantly different from zero for all genes (Table 3) . Moreover, synonymous and nonsynonymous nucleotide compositions change in a strongly correlated manner, as measured by the corresponding regression coefficients between the nucleotide frequencies and the time of virus isolation: the standard regression coefficient between the vectors of regression coefficients at SCP and FFD sites is 0.43 (R 2 ϭ 0.19, permutation test [see Materials and Methods]; P Ͻ 0.05). Analogously to the synonymous nucleotide composition, we found that significantly more genes in Table 3 have at least one significant trunk statistic value (P Ͻ 0.01) or time statistic value (P Ͻ 0.01) than expected by chance, indicating that there are significant differences in the substitution patterns at SCP sites between the trunk and nontrunk branches, as well as between the early and the late parts of the phylogenetic trees. We also fit four linear regression models for predicting the nonsynonymous nucleotide composition dynamics and found that Model 4 explains the data significantly better than either Model 2 or Model 3, suggesting that the trunk effect as well as changes in the substitution patterns over time are important in determining the nonsynonymous nucleotide composition (Table 4) .
DISCUSSION
We predicted the gene-specific equilibrium nucleotide compositions on the basis of the substitution matrices inferred from substitutions at FFD and SCP sites. If the substitution probabilities were fully described by a constant nucleotide substitution matrix, then the nucleotide composition at the corresponding sites would eventually tend to the corresponding equilibrium. In contrast, we found that in several genes the frequencies of some nucleotides drift away from the predicted equilibria. This discrepancy between the expected and observed dynamics is apparently not due to artifacts of phylogenetic reconstruction, since different reconstruction methods produce similar results (see Materials and Methods). Withinsubtype reassortment events have recently been shown to be common in influenza A virus (11) but cannot cause these discrepancies, because our analysis treats each gene separately. Within-segment recombination is a potential cause for concern but has not been observed for influenza A virus. Thus, there remain three potential causes for the observed discrepancies: the origin of the sequences, temporal changes in the substitution matrix, and natural selection for nucleotide composition. We discuss these scenarios below. Origin of sequences. Some, possibly all, human influenza A virus genes came relatively recently from avian influenza viruses (5, 33) . Whether the genes came through reassortment events or a complete avian virus switched hosts, the mutation and selection pressures on the nucleotide composition of the gene are likely to have changed. For an individual gene, a host jump is similar to a horizontal gene transfer event, for example, in bacteria, where one organism acquires a new gene from another not necessarily closely related. If the donor and acceptor organisms have different equilibrium nucleotide frequencies due to differences in mutation biases, the nucleotide content in the newly acquired genes relaxes to the new equilibrium. This process is called amelioration (17) . Amelioration is almost certain to have played a role in the dynamics of nucleotide composition in the human influenza A virus. However, by definition, it cannot lead to a steady drift of the nucleotide composition away from the predicted equilibrium.
Time-dependent mutation biases. The equilibrium defined by the substitution matrix can be dynamic if the properties of the polymerase and/or selection pressure slowly change over time. This may lead to divergence of the nucleotide frequency from the calculated "average" equilibrium and, thus, potentially can explain the anomalous behavior of certain nucleotide frequencies for influenza A virus. Indeed, patterns of substitution of cytosine in the PB2 gene at FFD sites, guanine in the PB1(3) gene at SCP sites, etc., significantly differ between the "early" and the "late" halves of the trees (Tables 1 and 3) . However, we observe no significant differences between the two halves of the tree in other anomalous cases [e.g., cytosine in NA(2) at FFD sites] and, in general, time-dependent changes in the substitution process do not substantially improve our ability to predict the synonymous or nonsynonymous nucleotide composition dynamics (Tables 2 and 4) .
Natural selection and the "trunk effect." Mutations that have a selective advantage are more likely to be fixed in a population. This fact is reflected in the reconstructed phylogeny: one expects to find more selectively advantageous substitutions on branches that give rise to a large number of descendant branches and fewer on branches with fewer descendants (10, 21) . Influenza A virus gene phylogenies have distinct trunks (2, 8) . The sequences on the trunk are, on average, more fit than the sequences on the terminal branches (3, 25) , and therefore the substitutions on the trunk (nontrunk) branches can be expected to be more beneficial (more deleterious).
If influenza virus genes evolved under constant selection for nucleotide usage, we would expect to find differences between the nucleotide substitution matrices inferred from internal versus external branches. Substitutions found on internal branches will, on average, be more advantageous and, thus, we expect the substitution matrix inferred from internal branches to be different from the substitution matrix inferred from external branches. We term the discrepancy between the two matrices the "trunk effect." Lacking sufficient data to accurately infer trunk-specific synonymous nucleotide substitution matrices, we detected the trunk effect using the trunk statistic.
In order to infer the equilibrium nucleotide frequencies, we relied on the overall substitution matrix that is determined by substitutions on all branches of the tree. Since the trunk accounts for less than 10% of all branches, the (more-beneficial) substitutions that happen on trunk branches contribute relatively little to this matrix. However, since these substitutions happen in the sequences that produce more descendants, their influence on the nucleotide composition of future individuals is disproportionately high, potentially explaining the observed discrepancy between the equilibrium nucleotide frequencies inferred from the substitution matrix, influenced by more-deleterious mutations, and the largely selection-driven temporal dynamics of the nucleotide content.
To test this scenario, we assessed the differences in the substitution patterns between the trunk and nontrunk branches. Consistent with this hypothesis, we found that patterns of synonymous and nonsynonymous nucleotide substitutions in multiple genes are significantly different between the trunk and nontrunk branches (Tables 1 and 3) .
Conceivably, the trunk effect could also be caused by the physical linkage between slightly deleterious and strongly beneficial mutations. Indeed, some influenza A virus genes, especially HA and NA, evolve under strong amino acid-level positive selection to evade the human immune response (3, 7, 31) . Frequent selective sweeps associated with positive selection could possibly drive to fixation the hitchhiking, slightly deleterious mutations (9) , including those disrupting the favored nucleotide composition. Conversely, negative selection could keep such weakly deleterious mutations at low frequencies on branches not experiencing the sweeps (i.e., nontrunk branches), possibly leading to a difference in the substitution matrix between the trunk and nontrunk branches. Although the combination of these factors could potentially lead to the observed trunk effect, this scenario appears to be less parsimonious, and it is also inconsistent with the observed correlation between the nucleotide dynamics at the FFD and SCP sites. Under either scenario, the observed trunk effect implies natural selection on nucleotide composition.
Forces affecting the nucleotide composition in influenza A virus. Our results indicate that both effects, the effect of the time-varying substitution matrix and the trunk effect, are significant in several genes at both FFD and SCP sites (Tables 1  and 3 ). To test whether these effects can explain the anomalous nucleotide composition dynamics we observed, we fit four regression models and found that the trunk statistic significantly improved the prediction of the nucleotide frequency dynamics at FFD sites (Table 2) . Moreover, the fit was further improved for the nucleotide composition at FFD and SCP sites if both the time and the trunk statistics were taken into account (Tables 3 and 4). In all of our models, we observed a negative correlation between the direction of change of the nucleotide frequency (as described by the linear regression coefficient against time of isolation) and the distance to the overall equilibrium (as described by the difference between the observed and the equilibrium nucleotide frequencies), as would be expected if frequencies tended to move toward their equilibria. We also observed a positive correlation between the direction of change of the nucleotide frequency and the trunk statistic. This conforms with our explanation of how the trunk effect influences the dynamics of the nucleotide composition: if more residues of a particular nucleotide are gained on the trunk (the trunk statistic is positive), then the corresponding nucleotide frequency increases over time. In this sense, substitutions on the trunk are "more important," as expected. We did not have a prior expectation as to which half of the tree is more important when the effect of the time-varying substitution matrix is considered. Our models reveal a positive correlation between the direction of change of the nucleotide frequency and the time statistic, implying that the later half of the tree is more important; this may have to do with the fact that there are many more sequences in the later halves of the phylogenetic trees than in the earlier halves.
Since the models were fit to normalized data, the corresponding partial regression coefficients indicate the relative importance of the effects that determine the direction of change of the nucleotide composition. The trunk effect appears to be the strongest force driving the synonymous and nonsynonymous nucleotide compositions, since the corresponding regression coefficients are the largest (Tables 2 and 4 ). This suggests that selection plays a significant role in the evolution of the synonymous and nonsynonymous nucleotide compositions of the influenza A virus genes. Although the observed trunk effect at the SCP sites may be a consequence of proteinlevel selection, the strong correlation between the nucleotide composition dynamics at synonymous and nonsynonymous sites suggests that both dynamics are governed by common forces, in particular by natural selection for nucleotide composition.
Mechanisms of selection for nucleotide composition. Our results provide a strong case for natural selection for nucleotide composition at synonymous and nonsynonymous sites in genes with discrepancies between the expected and observed dynamics of the nucleotide composition. Moreover, we can pinpoint the role of selection in specific cases of observed divergence of nucleotide dynamics from equilibrium (Tables 1  and 3 ). Since we would not expect such selection to produce sign discrepancies in all cases, it is likely that selection is affecting the nucleotide composition dynamics in some other genes as well.
It is worth noting that two of the genes with the most rapidly changing synonymous nucleotide compositions (HA and NA) (Fig. 1) are the most important targets for the human immune system and are also known to be under the strongest selection at the protein level. Since many conventional methods of detecting natural selection rely on synonymous substitutions as the neutral "standard," the estimates for the role of selection in the protein evolution of influenza virus (3, 31, 37, 38) may be affected by selection on synonymous substitutions. Several recent studies (15, 18) have already raised concerns about the application of dN/dS methods for detecting genes and sites under positive selection, although in a different context: these studies were concerned with the heterogeneity of synonymous substitution rates along the genetic sequence. In particular, it has been shown that the synonymous substitution rates in HA(3) are significantly nonuniform (15) . Since synonymous substitution rate heterogeneity is likely to be an indicator of selection for nucleotide usage, it would be instructive to perform such an analysis in other influenza A virus genes as well, specifically, in those in which our analysis revealed a significant trunk effect.
We can think of several mechanisms of selection for nucleotide composition. It is known that different viral genes are expressed in an infected cell at different rates, at different instances, and in different quantities (27, 29) . In those viral proteins that need to be expressed in large quantities (such as the nucleoprotein) or fast and early in the infection phase (such as the NS1 protein and the NEP), certain codons may be preferred to facilitate expression. At least three mechanisms are known by which nucleotide composition could affect expression efficiency. First, it is well established that some codons are more translationally efficient than others (12, 28) . Second, it has been discovered recently that the nucleotide composition of a gene also influences its transcriptional efficiency (16) . Third, nucleotide composition affects the secondary structure of mRNA and hence its stability and degradation rates (4). Finally, selection on synonymous sites could act through the secondary structure of the viral genomic RNA, which is known to interact with the nucleoprotein during the packaging and replication processes (24) . Which of these or, perhaps, other processes influence the nucleotide composition of the influenza A virus genes remains an important open question.
